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For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/ The standard conditions employed by ourselves and others in epoxidation reactions catalysed by iminium salts involve the use of oxone as stoicheiometric oxidant, a base (2 mol eq of Na 2 CO 3 per eq of oxone) and water / acetonitrile as solvent mixture.
The principal limitation of this system is the restricted range of temperatures at which the epoxidation can be performed (ca -5 °C to ambient). The upper temperature limit results from the relatively fast decomposition of oxone in basic media at room temperature. The lower limit is determined by the requirement for an aqueous solution (the normal ratio of solvents is (CH 3 CN:H 2 O; 1:1); aqueous acetonitrile freezes at -8 °C.
An additional drawback arising from the dependency on oxone is the large quantity of inorganic salt byproducts produced in the reaction.
We have recently described new reaction conditions for iminium salt-catalysed epoxidation, which eliminate the use of both water and base. 8 This was achieved through the identification of an effective oxidant, tetraphenylphosphonium monoperoxysulfate (TPPP), that is soluble in organic solvents. When oxone is treated with tetraphenylphosphonium chloride, TPPP is produced as a colourless solid (Equation 1). TPPP has previously been used for the oxidation of manganese(III) porphyrins. We were pleased to find that the use of TPPP in place of oxone induces efficient epoxidation in organic solvents in the absence of water, and furthermore that the presence of base is now not required; indeed, addition of base actually suppresses the epoxidation process. Use of this oxidant also enables greater scope for reaction monitoring and analysis, as water is no longer required. Reactions can be carried out at low temperature, and, when carried out in deuteriated solvent, monitored by NMR spectroscopy. We describe herein the catalytic asymmetric epoxidation of several unfunctionalized alkenes using catalysts 2-6 under the new anhydrous conditions, employing (TPPP) as stoichieometric oxidant. The catalysts were first tested in the asymmetric epoxidation of 1-phenycyclohexene at varying temperatures using TPPP in dichloromethane (Table 1) .
As the temperature is reduced there is an increase in enantiomeric excess at the expense of rate of conversion to epoxide. It is interesting that, while catalyst 1 gives the (-)-(1S,2S) epoxide, when the catalyst contains a strongly electron-withdrawing nitro or sulfone substituent (catalysts 2 and 6), a change in the configuration of the enantiomer of epoxide formed preferentially, to the (+)-(1R,2R) isomer, is observed in every case.
The thiomethyl catalyst 3 also gives the (+)-(1R,2R) enantiomer of 1-phenycyclohexene preferentially, but only between temperatures of 0 ºC and -50 ºC (Table 1, enantiomer is preferentially formed (Table 1 , entry 18). We reason that this is due to rapid oxidation of the sulfide to the sulfone at temperatures above -78 ºC, generating catalyst 6 in situ. Catalyst 4, which contains an electron-donating methoxy substituent, and has the opposite absolute stereochemistry to catalysts 1, 2, 3 and 6, produces the (+)-(1R,2R) epoxide enantiomer preferentially, regardless of temperature. Catalyst 4 thus exhibits the same facial selectivity as unsubstituted catalyst 1 (and catalyst 3 at low temperatures).
In the case of catalyst 3, to prove that the active catalyst at temperatures above -78 ºC was indeed the corresponding sulfone 6, a standard epoxidation reaction was performed in deuteriated dichloromethane solution, and the reaction mixture subjected to 1 H NMR spectroscopic analysis. The chemical shift for the methyl group attached to sulfur had shifted from δ 2.42 to 3.03, confirming that the sulfide had been oxidized to the sulfone, by comparison with authentic catalyst 6. The sulfoxide intermediate was not observed. In order to determine the effects of solvent on the reaction, several other solvents were screened using our three most enantioselective catalysts 1, 4 and 6 ( Table 2) . TPPP was found to be insoluble in carbon tetrachloride, ethyl acetate and dimethoxyethane. In dimethylformamide, the TPPP dissolved but no reaction occurred. TPPP is also soluble in dichloroethane, however, and epoxidation reactions of 1-phenylcyclohexene performed in this solvent gave almost identical results to those obtained with dichloromethane for catalysts 6 and 4. Curiously, catalyst 1 was far less reactive in this medium and gave a reduced ee (24% compared to 37%). When the reactions were repeated in chloroform, we observed a dramatic decrease in ee for catalyst 4, while catalyst 1 gave similar results to those obtained in dichloromethane (33% ee). Catalyst 6 in chloroform, however, gave the best ee for 1-phenylcyclohexene (48% ee) that we have observed with this series of iminium salt catalysts. Interestingly, in acetonitrile at -30 ºC we observed a similar degree of enantioselectivity to that seen in the reaction carried out in chloroform (48% ee, (+)-(1R,2R) enantiomer), but producing the opposite (-)-(1S,2S)-enantiomer of phenycyclohexene oxide in 45% ee. The origins of these solvent effects upon enantioselectivity remain unclear. Using our most enantioselective catalyst 6, we next carried out asymmetric epoxidations of several other unfunctionalized alkenes in acetonitrile and in choloroform solution at a standard temperature of -40 ºC, using 10 mol% catalyst (Table 3) . Remarkably, changing the reaction solvent was found to switch the major enantiomer of epoxide generated from all trans-and tri-substituted alkenes tested. Further, trans-stilbene, usually a poor substrate with our catalysts (less than 5% ee was observed under our original aqueous conditions using the same catalyst and oxone), afforded the (+)-(R,R) enantiomer of trans-stilbene oxide in 67% ee when the reaction was carried out in chloroform solution, but the (-)-(S,S) isomer, in 30% ee, when performed in acetonitrile. With the exception of α-methylstilbene, it is clear from table 3 that chloroform is the solvent of choice for catalyst 6, and the enantiomeric excesses are far better than those observed when employing TPPP in acetonitrile as well as in the original aqueous conditions using oxone. Good enantiomeric excesses were also observed for cis-α-methyl styrene (70% ee) and dihydronaphthalene (82% ee). The level of enantioselectivity observed here is remarkable given that the corresponding reaction carried out under our standard aqueous conditions with oxone afforded dihydronaphthalene oxide in only 45% ee. The enantiomeric excess for the epoxidation of indene is somewhat lower (61% ee), but is still much higher than other reported ees for this epoxidation when mediated by oxaziridinium salts. 5 Epoxidation of the non-aryl cis-hept-2-ene produced epoxide with quantitative conversion but with low ee.
Electron-deficient alkenes are also poor substrates.
Finally, we turned our attention to the epoxidation of benzopyran substrates. We were delighted to observe excellent enantioselectivities in the epoxidations of 6-nitro-, 6-chloro-, and 6-cyano-2,2-dimethylbenzopyrans, with ees up to an unprecedented 97%. 6 It is interesting to note here that, in these cases, whichever solvent was employed, the same enantiomer of epoxide was observed.
Conclusions
A range of iminium salt asymmetric epoxidation catalysts has been tested under non-aqueous conditions at various temperatures in a number of solvents; from these we have identified catalyst 6 as one of the most enantioselective. The reaction solvent has a profound effect on the epoxidation of trans-and tri-substituted alkenes, and in many cases we are able to produce either enantiomer as the major product by choice of acetonitrile or chloroform as solvent. In terms of enantiomeric excesses, the optimum reaction temperature appears to be -40 ºC and chloroform the solvent of choice. These conditions have provided enantiomeric excesses of up to 97%, in the epoxidation of 6-cyano-2,2-dimethylbenzopyran.
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Experimental
General Details. All infrared spectra were obtained using a Perkin-Elmer Paragon 1000 FT-IR spectrophotometer; thin film spectra were acquired using sodium chloride plates. All tris[3-(hepta-fluropropylhydroxymethylene)-(+)-camphorate] as the chiral shift reagent, or by chiral HPLC using a Chiracel OD column on a TSP Thermo-Separating-Products Spectra Series P200 instrument, with a TSP Spectra Series UV100 ultra-violet absorption detector set at 254 nm and a Chromojet integrator.
General procedure for the preparation of dihydroisoquinolinium salts from 2-(2-bromoethyl)
benzaldehyde and primary amines.
2-(2-Bromoethyl)benzaldehyde (1.60 equiv., 1.10 if freshly distilled) was cooled using an ice bath, and a solution of the amine in ethanol (10 ml per g of amine) was added dropwise. After the addition was complete, the ice bath was removed and the reaction mixture stoppered to retain HBr, and stirred overnight.
A solution of sodium tetraphenylborate or other anion-exchanging salt (1.10 equiv.) in the minimum amount of acetonitrile was added in one portion to the reaction mixture. After stirring for 5 min, the organic solvents were removed under reduced pressure. Ethanol was added to the residue, followed by water. The resulting precipitate was collected by filtration and washed with additional ethanol followed by diethyl ether. If no solid materialized after the addition of the water, the mixture was allowed to settle and the ethanol/water phase was decanted. The gummy residue was triturated in hot ethanol or methanol, inducing precipitation of the organic salt immediately or upon slow cooling of the hot alcoholic solution. Small quantities of acetonitrile may be added during this process to aid solubility.
(+)-N-((4S,5S)-2,2-Dimethyl-4-phenyl-1,3-dioxan-5-yl)-3,4-dihydroisoquinolinium tetraphenylborate
(1). 5 Prepared according to the general procedure from (4S,5S)-5-amino-2,2-dimethyl-4-phenyl-1,3-dioxane (3.00 g, 14.4 mmol), and purified by recrystallization from acetone/diethyl ether to give 1 as a yellow solid (6 
(+)-N-((4S,5S)-2,2-Dimethyl-4-(4-(methylthio)phenyl)-1,3-dioxan-5-yl)-3,4-dihydroisoquinolinium tetraphenylborate (3).

5
Prepared according to the general procedure from (4S,5S)-5-amino-2,2-dimethyl-4-(4-(methylthio)phenyl)- General procedure for catalytic asymmetric epoxidation of simple alkenes mediated by iminium salts using tetraphenylphosphonium monoperoxysulfate.
Tetraphenylphosphonium monoperoxysulfate (2 equiv. with respect to the alkene) was dissolved in the desired solvent (2 ml per 0.1 g oxidant) and the solution cooled to the required temperature. To this was added the iminium salt as a solution in the solvent (0.5 ml per 0.1 g oxidant). This iminium salt solution was cooled to the same temperature as the solution containing the oxidant and added to it dropwise over [15] [16] [17] [18] [19] [20] min; the temperature of the reaction vessel was monitored to minimize increase in temperature during the addition. A solution of the alkene in the reaction solvent (0.5 ml per 0.1 g oxidant) was added dropwise. The mixture was stirred at the reaction temperature until the alkene was completely consumed according to tlc.
Diethyl ether (pre-cooled to the reaction temperature) (20 ml per 0.1 g oxidant) was added to induce precipitation of the remaining oxidant, and the mixture filtered through Celite. The solvents were removed, diethyl ether (40 ml) was added to the residue, and the solution passed through a short pad of silica gel to remove catalyst residues. The solvents were removed to give the epoxide. If the reaction does not reach completion the epoxide can be separated from the alkene by column chromatography, eluting with ethyl acetate/light petroleum 1:99.
General procedure for the catalytic asymmetric epoxidation of alkenes mediated by iminium salts using Oxone.
Oxone (2 equiv. with respect to alkene) was added with stirring to an ice-cooled solution of sodium carbonate (4 equiv.) in water (12 ml per 1.50 g of sodium carbonate), and the resulting foaming solution stirred for 5-10 minutes, until most of the initial effervescence subsided. A solution of the iminium salt (10 mol% with respect to alkene) in acetonitrile (6 ml per 1.50 g of sodium carbonate used) was added, followed by a solution of the alkene in acetonitrile (6 ml per 1.50 g of sodium carbonate used). The suspension was stirred with ice bath cooling until the substrate was completely consumed according to tlc. The reaction mixture was diluted with ice-cooled diethyl ether (20 ml per 100 mg substrate) and the same volume of water added immediately. The aqueous phase was washed four times with diethyl ether, and the combined organic solutions washed with brine and dried (MgSO 4 ). Filtration and removal of the solvents gave a yellow or light brown residue, which was purified by column chromatography, typically using ethyl acetate/light petroleum (1:99), to provide the pure epoxide.
General procedure for the formation of racemic epoxides.
The alkene was dissolved in CH 2 Cl 2 (10 ml/g) and the solution cooled using an ice bath. A solution of m-CPBA (2 eq.) in CH 2 Cl 2 (10 ml/g, pre-dried over MgSO 4 ) was added. The reaction was allowed to reach ambient temperature and stirred until complete consumption of the substrate was observed by tlc. Saturated aqueous NaHCO 3 (10 ml/g) was added and the layers separated. The organic layer was washed with saturated aqueous NaOH (1.0 M, 10 ml/g) and dried (MgSO 4 
